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The presence of neutral atoms in the tokamak edge affects the radial electric field and plasma flow
velocity through charge exchange interactions. Here, it is shown that these effects depend sensitively
on the poloidal location of the atoms, especially in a spherical tokamak. It is found that the radial
electric field and toroidal flow velocity in a collisional edge plasma tend to be largest if the atoms are
concentrated on the inboard side. This may offer an explanation for recent observations on MAST
and COMPASS-D indicating easier H-mode access when gas is puffed from the inboard side of the
tokamak. The results suggest an external means for controlling the toroidal flow and radial electric
field and their shearing rates, and have motivated further measurements on MAST which appear to
support the predictions.
PACS numbers:
Background. The effect of neutral atoms is not in-
cluded in standard tokamak transport treatments [1].
However, recent experiments [2-9] have shown that neu-
tral atoms in the tokamak edge can influence global con-
finement by affecting the transition from low (L) to high
(H) confinement. The physical mechanism by which this
occurs is not yet clearly identified, but it is well known
that neutrals influence ion dynamics through charge ex-
change (CX) interactions. Furthermore, the radial neu-
tral flux of toroidal angular momentum can modify or
even determine the edge radial electric field and plasma
rotation. The radial localization of the neutrals also in-
troduces a shear in the flow that may affect edge turbu-
lence, [10].
Earlier theoretical work [11-13] explored the effect of
neutrals on collisional ion flow and radial electric field
within the framework of neoclassical theory. The neu-
trals provide a drag on the ions that leads to an effective
no slip boundary condition for the toroidal ion rotation
within an ion temperature gradient modification. The ef-
fect of the neutrals is typically significant if the fraction of
atoms in the plasma exceeds about 10-4, which is usually
the case in the tokamak edge region just inside the sepa-
ratrix. In these works, the effect of the poloidal variation
of the neutral source was not explored. However, recent
experimental observations on MAST and COMPASS-D
indicate easier H-mode access when gas is puffed from
the inboard side of the tokamak [5-7].
These experimental results indicate that the poloidal
distribution of the neutrals has an essential influence on
the L-H transition threshold power. This behaviour mo-
tivates the present paper, where we use kinetic theory
results from earlier work [11, 12] to investigate the effect
of a poloidally varying source of atoms on the electric
field and flow velocity of a collisional edge plasma. Our
results suggest an external means of controlling ion flow
and electric field that is being tested on MAST [6].
Plasma rotation and radial electric field. The axisym-
metric magnetic field of a tokamak can be written as
B = I(4)VW + Vo x VV, where 0 is the poloidal flux
function and p the toroidal angle in the direction of
plasma current. In neoclassical theory, where the trans-
port within flux surfaces is taken to be much larger than
that across the magnetic field, the density and temper-
ature of all species are approximately constant on flux
surfaces, and it follows that the ion flow velocity within
a flux surface must be of the form
Vi = w(,0)R, + uio (V)B, (1)
where 0 = RVp is the toroidal unit vector and w(O) =
-- ' -p'/(nie), D is the electrostatic potential, pi = niT
is the ion pressure, and the prime denotes a derivative
with respect to V. In a pure hydrogen plasma (no impu-
rities and sufficiently few neutral atoms) ui0 is propor-
tional to the ion temperature gradient,
u o(*) = -kIT'/e(B 2 ), (2)
where the parameter k depends on collisionality,
and ( ... ) denotes flux-surface average. We consider
the Pfirsch-Schliiter regime, where [14] k ~ 1.8 +
0.05(B 2 )((V 11 InB) 2 )/((V11B) 2 ).
If enough neutral atoms are present in the plasma, its
poloidal rotation is directly affected, and (2) is then re-
placed by uio = ugo + V/B, where uno denotes the
neoclassical result (2), and expressions for V, are given
in Refs. [12] and [13]. Estimates show that this correction
is typically important at larger neutral fractions than we
consider here, namely, na/ni > pi/qR ~ 10-3, where q is
the safety factor, pi is the ion gyroradius, and nn and ni
denote the density of neutral atoms and ions.
2When there are too few neutrals to directly influence
poloidal rotation, they can still affect the radial electric
field. This field is intimately coupled to toroidal rotation
and the transport of angular momentum. In a steady
state plasma without momentum sources, there can be no
radial flux of toroidal angular momentum, which implies
[11}
(R~ - (7ri + 7r,) - V)) = 0, (3)
where 7ri and 7r, are the ion and neutral viscosity ten-
sors. At the edge, the neutral viscosity dominates over
its purely neoclassical counterpart, (R -7ri - V) <
(R@p - 7r,, - 17 ), if [ 11 ]
1 < n.vTA./(njq'p'/r) - 104 nn/ni. (4)
where ri is the ion-ion collision time, A. = l/o-.ni is the
charge-exchange mean-free path, and VT = (2T/M)1/ 2
is the ion thermal velocity. For MAST typically, T =
100 eV, B = 0.5 T and ni = 1013 cm- 3 and for Al-
cator C-Mod typically, T = 100 eV, B = 5 T and
ni = 3. 1014 cm- 3 . If Eq. (4) is satisfied, the radial elec-
tric field is determined by neutral atoms rather than neo-
classical processes; if it is not, the ion contribution must
be retained as in Refs. [11, 14]. It is, of course, possible
that anomalous transport of angular momentum over-
whelms both neutral and neoclassical viscosity, in which
case the electric field is determined by turbulence.
Short neutral mean-free path. The neutral-particle vis-
cosity is easiest to calculate if the scale length L± of
plasma density and temperature variation exceeds the
neutral-atom mean-free path for CX. In Ref. [11], the ra-
dial flux of toroidal angular momentum was calculated in
the ordering A. < A, ~ L±, where A, is the ionization
mean-free path of neutral atoms. The result is
(R 7 - r, - VO) =- - . V RTn- (V,, + 2q)
V, 5pi
where v, = 2 .9 3o 2niVT = Kxni, a.- ~ 6. 1019 m 2 is the
charge-exchange cross section, and Vi and qj are the ion
mean velocity and heat flux in a flux surface.
In the Pfirsch-Schliiter regime, where the ion
flow velocity is given by (1), the toroidal compo-
nent of the ion heat flux qj is equal to qiw =
-5RpiT'/(2e) (1 - B2/(B2 )). If the radial scale length
of the neutral density variation is Ln = V'AxAz [15],
which in the present ordering is shorter than the plasma
length scale, L, < L±, then the condition (3) of no ra-
dial flux of toroidal angular momentum results in
(R3 B 2Vipn) = R4B20 n e ( 0 (B2))
If gas puffing is done from a thin tube close to the
plasma, then most neutral atoms are localized in one
place poloidally, and from (5) and (1), respectively, we
obtain the toroidal flow velocity at that location as
1/puff = 
RT' /% p - e ( (B2(B2) pf = wR, + N, (6)
where R. denotes the value of R at the gas puff. Us-
ing Eq. (1) to find V14 on the flux surface in question,
eliminating w, and then using (2), we obtain
S = 2 T'[k (R- 1) + (B 2 )R 2  R2S e(B2)R R2 J 2  ' (7)
Note that the ion toroidal flow in Eq. (7) is indepen-
dent of the neutral density provided the neutral viscos-
ity dominates over anomalous and ion viscosities, and
only temperature gradient terms depend on the gas puff
location. This result is illustrated in Fig. 1, where we
have plotted the normalized toroidal flow velocity at the
outer midplane, defined by V, = I2 T'FV/eR(B2 ), as a
function of the poloidal angle of the gas puff. Here we
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FIG. 1: Predicted toroidal flow velocity at the outer midplane
of MAST (upper pair of curves) and C-Mod (lower pair of
curves) as a function of the poloidal angle of the gas puff, with
0 = .r at the inboard mid-plane. The solid line represents the
short mean-free path limit and the dashed line is for CT =
1.15 and Cp = 0.04, corresponding to a = 3.1 and -y = 0.5.
use typical magnetic equilibria from Alcator C-Mod and
MAST. Note that the rotation speed is much larger if
the puff is applied on the inboard side rather than else-
where on the flux surface. For a normal profile (T' < 0)
Vi, is in the counter-current direction (Viw < 0) since
Fv > 0. In a plasma with small inverse aspect ratio,
e < 1, and circular cross section, the ion flow from (7) is
Vi, = (2eRoT'/e) [k cos 0 + (1 - k) cos 0.], where 0, de-
notes the value of 0 at the gas puff. Consequently, the
poloidal variation of the puffing of neutral atoms on the
ion flow is expected to be more important in a spherical
tokamak than in a conventional one.
\
n~n
3Equation (1) can also be used to calculate the radial
electric field, Er, by solving for w and inserting uio and
VIuff from Eqs. (2) and (6), to find
/ , ((-) 2  , en
Tn + (k - 1)I2 Tni'FE (8)
en, 1+q (B2)R2 + 2)] - 8
where 77 = (lnT)'/(lnn )' is the ratio of the tempera-
ture to density gradients at the edge. Figure 2 shows
12
10
8
FE 6
4
2
0 72
2
71 3 c
0 2
2 7E
FIG. 2: Radial electric field at the outer midplane of MAST
and Alcator C-Mod as a function of the gas puff location. The
solid and dashed lines represent the short mean-free path limit
for 77 = 1 and 77 = 2, respectively.
the factor FE for MAST and Alcator C-Mod parame-
ters. Since FE > 0, for normal density and temperature
profiles (n' < 0, 7i > 0), the edge radial electric field is
inwards, as is usually observed in experiments. Inboard
gas puffing increases FE by about a factor of two as com-
pared with outboard puffing if qi = 2, while the effect is
smaller for lower values of 77. Thus, the effect of neutral
atoms on the radial electric field is weaker than on the
ion flow, and it depends on the relative size of the density
and temperature gradients.
Self-similar neutrals. The treatment in the previous
section assumes that the CX mean-free path is relatively
short. This assumption is only marginally satisfied just
inside the separatrix in most tokamaks, but can be re-
laxed for self-similar neutral profiles [16]. In Eq. (3), the
neutral viscosity is given by 7r,, = M f d3v(vV-Iv 2/3)fn
and can be evaluated using the self similar distribution
fn(y,v) = NT-I(y)F(u), where a is a free parameter,
u = V/VT and
tral density is n, = NV/T'. This solution assumes
that the ratio of mean-free path to the macroscopic
scale length is constant throughout the region of inter-
est: -y -vT /(ni(K. + Kz))IVVI(In T)' = constant, and
/ = K /(K, + K,) <; 1, where K. and K, are the CX
and ionization rate constants. For the temperatures of
interest (1 eV < T < 100 eV), 3 > 0.5. The physical
requirements of finite and outward neutral heat flux and
0 > 0.5 limit our choices of a and -y to 3 < a < 3.5 and
,y ; 2 [13].
The radial flux of toroidal angular momentum is
RO - 7r - VOb Mn,,VIVV)IR Id uF(u)uuVi (10)
where u. = - u. Since only the odd parts
of the ion distribution contribute to (10), we em-
ploy the Pfirsch-Schliiter result from Hazeltine [14] to
make the replacement fi(u) - MVTfM/T[Vi - u +
(U2 - 5/2) 2qi -u/(5pi)+8q1jin -u (3/ 2 ) (U2 )/75pi], where
fm = ni(M/27rT)3/ 2 exp(_U2), £(3/2)(2) = (U4
7u 2 + 35/4)/2 is a Sonine polynomial, ft = B/B and
q1i = -(5cIpiT'/2eB) (1 - B 2 /(B 2)) . The contribution
of the C(3/2) term vanishes for -y --* 0, but not for finite
y.
The radial flux of toroidal angular momentum is given
by Eq. (10). If we let x = u/s and use the orthogonal set
of variables xp = x-VO/VOI, xe = x-t x VV/IVV), and
Xw = x - p, then only the toroidal components of Vi, qi
and q11ft contribute. Inserting the 1VO1 factors based on
the short mean-free path result (IVOP must be treated as
a constant for self-similarity), (R . - Vb) = 0 gives
(R 3B2 Vipn) =0 e CTK R 4 Bjn ( (B 2 )
Cp (R4B n,)
~ (B2) (1
where we define CT = 2 f dxe-( + 9X /2 -
3)J/(15 f dxpe-J], p = f dxpe ( - 3X +
3/4)J/(4 f dxe-xoJ), and
J= { exp _ 2(s - 1) ds 0 >01 'YXVs )s 2ct- 4  _ ep ( 2(s-1)) d2 -4  I 00 \ YXPs sa4
F(u) = (20/3yu) x
1 u -2(s - 1) ds
-
( exp ( -2(s-1)
(US ) 2a
u10 < 0
Up > 0
with up = u V@/lV@I, f = fiV3/ni and F nor-
malized such that f F(u)dau = 1, so that the neu-
The expression for CT is consistent with, but consider-
ably simpler, than the ratio I/I5 approximately evalu-
ated in Ref. [13]. The coefficients CT and Cp depend on
the self-similar parameter a. In the short mean-free path
limit (-y -4 0), CT -- 1 and Cp -- 0. For finite mean free
paths CT increases and then decreases while remaining
positive, and Cp increases from zero and then becomes
negative, as shown in Fig. 3. Since CT remains close to
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FIG. 3: CT and Cp as functions of y for a = 3.1 (solid),
a = 3.25 (dashed) and a = 3.4 (dotted).
unity and Cp is small, finite mean-free path corrections
are modest.
For a poloidally localized gas puff we may use Eqs. (1),
(2) and (11) to obtain
1 2T' (R2 \ 1+ B2)R2 R 2)
e(B 2)R kR- + ( 2 R2
+Cp P2 _ I Fy. (12)12 1 e(B2)R
where Bo* = Bo(R*). For finite mean-free path, CT
departs from unity and makes the effect of the neutral
atoms on the toroidal ion flow weaker, as shown in Fig. 1.
For general -y and localized puffing, the radial electric
field becomes -I' = (T/e)(lnni)'{1 + ri[(1 + CT) +
(k - CT)I 2 /((B 2 )R2) + CpB ,/(B 2 )]} = FETn'/(nie)
which agrees with the expression in (8) for short mean-
free paths.
Conclusions. In summary, the toroidal flow of the ions
and the radial electric field is significantly affected by
the poloidal location of the neutrals in the edge plasma,
just inside the separatrix. Because the ion flow on a
flux surface is not a constant, the braking provided by
the neutrals is sensitive to their poloidal location and is
able to alter the flow, the radial electric field, and their
shear. The neutral atoms influence the magnitude of the
temperature gradient and the effect is particularly large
in the tight-aspect ratio case. The effect is relatively
insensitive to the neutral mean-free path and does not
depend on neutral density if the neutral viscosity is larger
than the ion and anomalous viscosities.
These results are important since they might help ex-
plain the easier access to H-mode with inboard gas puff-
ing observed in MAST and COMPASS-D. The easier H-
mode access could, for instance, be caused by suppression
of edge turbulence by rotational flow shear in a narrow
layer inside the separatrix, where neutral viscosity domi-
nates. In the outboard midplane, where the turbulence is
-- -a -....-
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localized because of strong ballooning, the toroidal flow
shear can be expected from Eq. (12) to be particularly
strong if inboard gas puffing is applied. Very recently,
experiments comparing the toroidal flow velocity with
inboard and outboard gas puffing [6] have been carried
out on MAST that appear to verify this theory. If the
results presented here can be reproduced in other toka-
maks with collisional edges, such as Alcator C-Mod, then
external control of the radial electric field, toroidal flow,
and their shear; and possibly the L-H transition, will be
possible.
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